Considering radar detection for multi-target recognition, a track before detect (TBD) algorithm based on Hough transform is adopted for identifying and tracking multi-target radar. By increasing the dimensions of the target characteristic parameters, the target detection and track accuracy is increased. Also, by multilevel filtering processing, the diverging points of the echo signal are condensed, which improves the performance of identifying and tracking multiple targets. Simulation results show that compared with traditional TBD algorithms, the presented algorithm has better performance in the aspects of multi-target tracking, detecting and distinguishing.
Introduction
Usually, radar echo signals contain multi-target information. It is difficult for traditional methods to identify signals which involve multi-target. The traditional method to identify radar signals is to undertake detecting firstly and then processing at a single threshold and tracking finally [1, 2] . Scholars have analyzed the performance of the multi-target tracking algorithm [3, 4] . While simplifying the tracking data, a lot of potentially useful information is also ignored. Targets with small signal to noise ratio (SNR) but strong motion characteristic are likely to be discarded. In order to avoid this situation, the track before detect (TBD) algorithm is put forward.
The present studies of the TBD algorithm mainly include the TBD algorithm based on projection transformation [5] , the generalized likelihood ratio test [6, 7] , the dynamic programming (DP) [8 -13] and the particle filter (PF) [14 -17] . The TBD method based on Hough transform is a typical algorithm based on projection transformation, which is suitable for multi-target tracking detection and does not need the advantages of a priori information of the target. This method maps target information from data space to parameter space, improves the performance of noncoherent accumulation and predicts the next expected action of targets; thus the targets can be tracked before being detected.
Carlson et al. proposed the method of radar target detection based on Hough transform for the first time and gave the calculation formula of the false alarm rate and the detection probability. The work of [5, 18, 19] establishes the theoretical basis of Hough transform for the target detection. Chen proposed a modified Hough transform to solve the problem which the initial track is determined slowly and the amount of calculation is large by the classical Hough transform method. The results show that the new Hough transform algorithm can improve the performance [20] . Kabakchiev et al. put forward a method called porlar Hough transrform. This method is more suitable for processing of radar measured data and does not need to transform the distance-angle coordinate information into cartesian coordinates, but distance-angle coordinate information is processed directly [21] .
Generally speaking, this method can effectively estimate and track the target trajectory, but it has bad performance when dealing with the following situations. (i) When the radar echo signal is weak and the echo characteristic parameters are divergent, it is prone to deviate from the forecasting trajectory, unable to effectively track targets. (ii) When radar echo is comprised of targets with similar motion parameters, it is prone to track-loss. (iii) When modifying the judgment threshold to achieve better distinguish performance, it is likely to cause some false track trajectory.
In order to solve the problems above, the multidimensional parameters judgment and multilevel filtering process are introduced into the traditional TBD algorithm. The algorithm based on multi-dimensional parameters [22 -24] is proposed by Moyer and Davey. The algorithm does not give the expected results. An improved multi-target TBD algorithm is proposed in this paper. In this algorithm, target track with tolerance limits is firstly used to lock the target, then filter the relatively diverged targets to obtain their trajectory; further, accumulate energy in TBD parameter space, when the accumulation value reaches the limit, output the target trajectory and adjust the tolerance limit and filters parameters at the same time to make the track trajectory close to actual moving trajectory.
Multi-target TBD algorithm
Assuming that there are L targets, satisfying the discrete time model based on a fixed time period. The dynamics of the lth target is generally given by
where X k,l denotes the lth target state at time step k. F is the state transition function. V k,l is the normal random noise vector of the lth target state at time step k. X k,l is given as
where a k,l , b k,l and c k,l respectively denote the target distance, velocity and angle. The radar multi-target TBD algorithm mainly includes two parts:
(i) multi-target track and distinction; (ii) multi-target energy accumulation in TBD parameter space.
The initial positions of the targets are determined by multi-target track and distinction. After determining the initial positions of targets, accumulate energy in TBD parameter space; when the accumulation value reaches the limit, output the target trajectory.
Multi-target track and distinction
Take L targets with a single characteristic parameter for example. The first echo signal is processed and parameter vector A(1) is obtained.
When the echo signal is obtained again, the second parameter vector A(2) is obtained.
where a n,1 , a n,2 , . . . , a n,L represent target characteristic parameters. When the number of tracking targets is smaller than L, the remaining parameters are set to be zero. According to the judgment threshold, determine (i) whether the targets corresponding to the nonzero elements in vector A(1) are tracked by targets in A(2) respectively;
(ii) whether there are targets in A(1) tracked by several targets in A(2) at the same time;
(iii) whether there are targets in A(1) not being tracked by targets in A(2). Then assign a new value to the old tracked target, remove the not-tracked target, merge the target tracked by several other targets in A(2), and the new target is reserved. A new parameter vector I is obtained.
For I, the targets corresponding to zero element are removed and L targets with high credibility are retained then assign them to A(2) as a new tracked target. Sort the targets in A(2) in the order of old targets, when receiving echo signal A(3) − A(n), and compare them with the last echo signal in the same way. If the tracked target is greater than the threshold, the initial positions of the targets can be determined.
Energy accumulation in parameter space
After determining the initial positions of targets, we can undertake Hough transformation on obtained characteristic parameters then go on energy accumulation on transformed parameters. Assume that targets keep moving linearly (i.e. the equation describing relationship between distance and time is linear). If the trajectory of targets is described by a linear equation, the slope of equation corresponds to the velocity of targets and the intercept of equation corresponds to the initial position of targets.
The motion equation of motion targets can be expressed as
Knowing the targets distance vector A(i) and time vector T (i), we can obtain the velocity vector K(i) and the initial position A 0 (i), then undertake energy accumulation in (K(i), A 0 (i)) space. If the accumulated energy exceeds the judgment threshold, the target is valid. Based on the historical data of trajectory, we can predict the position of the target next time and recognize in subsequent target detection. So far, the principle of traditional multi-target TBD algorithm has been described in Sections 2.1 and 2.2 in details. The following section will focus on describing the improved TBD algorithm proposed in this paper.
Improved TBD algorithm
As the radar echo signal has a certain uncertainty, it is inappropriate to determine the initial position of targets simply relying on single characteristic parameters; especially when the characteristic parameters are not obvious, no matter how you adjust the judgment threshold, it is difficult to achieve good tracking performance; moreover, when different targets have similar characteristic parameters, it is also hard to distinguish them.
In order to solve the above problems, we make several improvements in the traditional TBD algorithm.
(i) Increase dimensions of the characteristic parameters. Make the most of all characteristic parameters detected by radar.
(ii) Filter echo signals without obvious motion features and condense divergent trace points.
(iii) Optimize the algorithm process and the judgment threshold to achieve a low threshold while still identifying targets and a high threshold while tracking the targets.
Multi-dimensional characteristic parameters
By analyzing and extracting the radar echo signal, multidimensional characteristic parameters of targets can be obtained, which mainly include targets distance, velocity, angle and so on. Based on the targets information we have acquired, we can distinguish well between different targets that have the same single characteristic parameter, thus increasing the discrimination degree of different targets.
The multi-dimensional characteristic parameters of targets at time step n are A(n), B(n) and C(n), respectively denote distance, velocity and angle. Assuming the multidimensional characteristic parameters of the ith target state at time step n respectively as a n,i , b n,i and c n,i .
A(n + 1), B(n + 1) and C(n + 1) represent the multidimensional characteristic parameters of targets observed directly by radar at time step n + 1. a n+1,j , b n+1,j and c n+1,j are defined as the jth element of the vector. a n,i , b n,i , c n,i and a n+1,j , b n+1,j , c n+1,j are subtracted to obtain new vectors RA(n), RB(n) and RC(n).
RA(n)
Finding the minimum values of vectors RA(n), RB(n) and RC(n) and recording the positions of the minimum values. a min , b min , c min represent the minimum values and p, q, s represent the positions.
Assuming the judgment thresholds of different characteristic parameters are A max , B max and C max . According to the judgment threshold, determine which parameters ( a n+1,j , b n+1,j , c n+1,j , where j ∈ {p, q, s}) belong to the ith target. The process is shown in Fig. 1 . 
Filter divergent characteristic parameters
It is known that when one of the targets characteristic parameters of radar echo signals is relatively divergent, if we still use the same threshold to detect targets, it is prone to miss tracking the targets or cause large deviation from the targets' actual moving trajectory. For example, when the angle information of the targets echo signal is weak, it is difficult to determine the initial position of targets by relying on the targets angle information, so we have to go through other methods to obtain targets trajectory. In this paper, a commonly used αβ filter in current practice is adopted.
where θ(n − 1) represents the old recognized value last time, θ(n) is the new detected value this time, k is the filter parameter, and θ (n) is the value after filtering. By selecting k appropriately, the divergent waveform can be condensed well; however, the larger k is, the slower θ (n) generates, which causes a certain phase lag to condensed waveform.
Algorithm process optimization and adjustable judgment threshold
The algorithm process can be summarized as follows: (i) Detect moving targets first and track them according to information exceeding the judgment threshold.
(ii) When having tracked a certain threshold, determine the initial position of targets and execute the TBD algorithm.
(iii) When energy accumulation in parameter space achieves the accumulation threshold, predict the output of targets and re-judge the next new value.
The process can be shown in Fig. 2 .
Fig. 2 The flowchart of the algorithm
Based on the above analysis, we can conclude that, in order to optimize the TBD algorithm further, the dimensions of detecting parameters are increased and the divergent characteristic parameters are filtered; meanwhile, the judgment threshold is increased so that more trace points can be processed before targets are not detected. However, when the accumulation exceeds the judgment threshold, the threshold should be decreased so that the detected value is close to actual trajectory of targets. Moreover, filter parameters k should be assigned different values in accordance with different levels of targets being recognized to reduce phase lag caused by the filter.
Simulation results and analysis
The improved TBD algorithm proposed in this paper is analyzed based on raw data of two moving targets acquired by radar. The original waveform of the data which include distance, velocity, angle and trajectory is shown in Fig. 3 . Fig. 3(a), Fig. 3(b) and Fig. 3(c) are respectively the distance-time curve of targets, the velocity-time curve of targets and the angle-time curve of targets. Fig. 3(d) shows the trajectory. Fig. 3 The original waveform of data It can be seen from Fig. 3 that the trajectory of targets distance and velocity is good and the trajectory of targets angle is relatively divergent. Therefore, the TBD algorithm separates the targets by the distance information. The improved TBD algorithm make several improvements to achieve better tracking performance by dimensions of characteristic parameters.
When we only take the single characteristic parameterdistance of targets into consideration, the tracking trajectory is shown in Fig. 4(a) . The first target (blue) and the the second target (red) can not be separated at the intersection and the trajectory only includes the first target (blue). The second target (red) can be tracked after a period of time. However, when we consider characteristic parameters velocity and distance of targets at the same time, the tracking trajectory is shown in Fig. 4(b) . Therefore, the targets can be distinguished better by increasing the dimensions of characteristic parameters.
The next simulations verify that the optimization based on the improved TBD algorithm can further enhance the tracking performance. The optimization effect is reflected in the angle and time curve. It can be seen from Fig. 5 that tracking trajectory has a relatively large fluctuations, therefore, the αβ filter is adopted to filter characteristic parameter-angle in this paper. When αβ filter parameter k is set to be 10, the tracking trajectory is shown in Fig. 6 .
It can be seen from Fig. 6 that the tracking fluctuations are suppressed well by using the αβ filter; however, the usage of the filter also brings about phase lag, which leads to tracking trajectory deviating from actual target moving trajectory. In order to avoid this situation, the filter parameter k is made adjustable in this paper. At the beginning of targets detection, the initial value of k is set to be 100 and k gradually decreases during targets detection.
Fig. 6 Tracking trajectory with αβ filter
The tracking trajectory of targets with adjustable filter parameter k is shown in Fig. 7 .
It can be seen in Fig. 7 that there are extra trace points (short black points) in tracking trajectory. In order to remove these points, we optimize the judgment threshold. We increase the judgment threshold before targets are detected and the judgment threshold is decreased when exceeding the accumulated threshold. The tracking trajectory by adjusting the judgment threshold is shown in Fig. 8 . 
Conclusions
This paper proposes an improved multi-target TBD algorithm. The traditional TBD algorithm is improved by increasing dimensions of the characteristic parameters, undertaking a multilevel filter and adjusting the algorithm process, filter parameters and judgment threshold. The simulation results show that compared with the traditional radar TBD detection algorithm, the algorithm presented in this paper has better performance in the aspect of multitargets detecting, tracking and distinguishing, which has broad application prospects.
